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BACKGROUND AND INTRODUCTION

Since the late 1960s, a longstanding need has existed to improve the safety of tactical missile
systems. One such effort is embodied in the Insensitive Munitions ([M) Program, whose goals are to
develop new systems or to retrofit current ones with technologies that will mitigate weapons' reactions to
hazard stimuli resulting from shipboard fire, flying debris, or battle situations. In fact, the U.S. Navy has
devoted considerable resources to improve the safety of weapons systems in shipboard applications.
Significant progress in meeting these IM requirements, as well as offering enhanced kinematics
performance, has been made in composite rocket motors. As with all composite structures, the mechanical
properties can be tailored to meet specific stiffness and pressure requirements, an aspect that affords the
ability to accommodate tactical flight loads. Other benefits include the ability to utilize more or higher-
performance propellants without significantly shifting the missile's center of gravity. In addition,
substantial energy has also been dedicated to develop propellants that are less sensitive and that react safely
to shipboard hazards. In conjunction, these efforts provide an area of opportunity to achieve a synergistic
combination of high performance and IM compliance in rocket motors.

The effort to utilize IM technology for future service is designated the Insensitive Munitions
Technology Transition Program (IMTTP). IMT`TP's goal is to demonstrate the readiness of various key
technologies, like the composite motor, for introduction into the next-generation weapon design cycle. The
uncertainty regarding the composite rocket motor's ruggedness and reliability for Fleet use, as well as for
captive carriage, has, in the past, precluded that technology from being applied to tactical motors.

IMNTTP funded the Composite Case Captive Carry Qualification (C4Q) Program, which began in
fiscal year 1997 and concluded in fiscal year 2004. The program's purpose is to demonstrate the
robustness of a composite rocket motor and its suitability for use in a tactical captive carriage flight
environment. The total funding was approximately $1.9M over the 7 years. In order to reduce the overall
program cost, the investigators focused on several factors, such as careful material selection and
streamlined manufacturing processes, and utilized AIM-9M hardware and existing loads and aerodynamic
data.

The C4Q Program entails the design, the fabrication, and the ground and flight testing of a captive
air training missile (CATM) with a composite primary structure. This configuration, which is commonly
referred to as the composite "blue tube," maintains the form, fit, and function of the CATM-9M with the
MDU-27A/A hardware and is designed to withstand the induced load and vibration environments of the
F/A-18C/D. This document provides a description of the design, analysis, test, and evaluation conducted
thus far for this effort. Included is a discussion of the tailored material property characterization, design
loads determination, manufacturing, ground testing, flight clearance package and documentation, flight
testing, and lessons learned.

SCOPE

Because the C 4Q effort is neither a Fleet certification program for a composite rocket motor nor an
Engineering and Manufacturing Development (EMD) program, the focus is exclusively on a generic air-to-
air missile case or blue tube design. The term blue tube, also called a CATM, refers to an inert rocket
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motor filled with simulated propellant that exhibits the same mass properties and aerodynamic

characteristics as a live missile of the same variety.

Furthermore, the C4Q Program does not provide the statistically based design values necessary to
integrate composite structures into service nor is the resultant design suitable for direct application into an
existing program. Several factors preclude doing so. For example, the structure was not built as a pressure
vessel, and the production process for the aft section is complex. The primary focus was merely to design
the wall thickness and composite lay-up to meet the anticipated future requirements specific to a 5-inch-
diameter AIM-9M configuration.

However, the C4Q effort does serve as a stepping-stone for programs that may be considering
adopting composite airframe technology in the future. For example, this program substantiates that a high
degree of confidence can be placed in the composite material's intrinsic properties and provides confidence
that a timely flight clearance can be obtained for a weapon that incorporates composite technology. During
this work, the investigators overcame numerous technical challenges that have traditionally prevented the
application of filament-wound composite cases to tactical missile design. These issues include, but are not
limited to, impact damage and moisture intrusion. The goal is to highlight the issues that must be
addressed in a composite case certification program.

C4Q PROGRAM OBJECTIVE

The C4Q Program was conceived to reduce the risk of employing composite materials on air-
launched missiles by demonstrating that the resultant case technology is robust enough to withstand a
tactical aircraft flight. To achieve this objective, the following three major tasks were identified.

1. Establish the structural and material data requirements for a load-bearing, filament-wound
composite rocket motor case to withstand the full Sidewinder AIM-9M captive carriage flight
envelope on the wing of an F/A-18C/D.

2. Develop and document the flight certification process by generating sufficient and appropriate
flight clearance data for approval by the Naval Air Systems Command (NAVAIR), thereby
setting a precedent for future flight clearances.

3. Demonstrate the durability of the composite structure by manufacturing, testing, flying, and
evaluating an inert composite rocket motor on the wing of an F/A-18C/D aircraft.

DESIGN

The composite blue tube was originally designed to withstand the captive carriage flight envelope

of a Sidewinder AIM-9M missile suspended from the wing of an F/A-18C/D aircraft at peak environmental
conditions-85% humidity at 215'F. The temperature was derived from the highest for the rocket motor
skin (165°F), with a margin of 50'F. The motor section was designed to withstand a 4000-psi maximum
expected operating pressure. This value, which is twice that of the AIM-9M, was specifically chosen to
demonstrate the ability to accommodate higher-performance propellants. A second goal was to increase the
stiffness of the airframe to a 50-Hz first body bending mode frequency as compared to that (42 Hz) of the
AIM-9MA. The resultant configuration had to maintain the mass property characteristics, external
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interfaces, and outer mold lines, including the control surface size/positions of the AIM-9M CATM. In
addition, the hardware was devised to be similar to that of the MDU-27A/A. The envisioned blue tube was
physically the same as a functional rocket motor in every aspect, except for the filament-wound composite
airframe and the wound-in features (lug attachments and wing ribs).

Nineteen blue tubes were manufactured according to the conceptual design to accommodate the
number of assets required for qualification ground and flight testing. All blue tubes were examined for
manufacturing flaws via pulse-echo ultrasound non-destructive inspection (NDI).

MATERIAL PROPERTY CHARACTERIZATION

A key element of the start-up tasks entailed collecting material data for the IM7 carbon fiber in
conjunction with the EPON 9400 epoxy resin. The investigators found that an extensive material
properties database exists for this fiber resin system. Information was collected from the Trident Program,
contractor material characterization efforts, numerous projects at the Naval Air Warfare Center Weapons
Division (NAWCWD), and information used to develop American Society for Testing Materials (ASTM)
D5448 (Reference 1), D5449 (Reference 2), and D5450 (Reference 3) standards, all of which were

consolidated into standard MIL-HDBK-17-IE (Reference 4) format. Close collaboration with other
NAVAIR material and structural engineers resulted in a process that would allow the flight certification of
this type of airframe to establish a template for the material data requirements specific to composite
weapons.

The mechanical behavior of filament-wound composite structures is typically different from that
of flat laminated structures because material properties such as resin void content, curing, micro-cracking,
and free edge construction significantly affect the actual mechanical properties of the part-sometimes by
as much as an order of magnitude. However, analysis and design of filament-wound structures require the
same mechanical property data as used to generate general laminated structures. The majority of filament-
wound composite structures are used in the rocket motor case community. Consequently, most of the test
specimens are cylinders or bottles, shapes that more closely simulate the geometry of the structures to be
designed and analyzed.

MIL-HDBK-17-IE (Reference 4) specifies the method and content of a material database for
composite structures. It also provides a building block approach for deriving material properties and
characterizing new materials. As such, this handbook was adopted in the C4Q material characterization
effort. Per Section 6-12 of that document, coupon methods were tailored to accurately test a representative
structure for filament-winding fabrication. Transverse tensile, transverse compressive, and in-plane shear
mechanical properties were obtained by utilizing three ASTM standards (References 1, 2, and 3) developed
to accurately measure the properties of filament-wound structures. These documents specify that a
standard 4-inch-diameter, 4-inch-gage-length test cylinder be fabricated in the same manner as the
filament-wound composite structure in question. The 4-inch-diameter cylinder is an industry adopted
standard and ensures that consistent data are developed by both government and industry. The test methods
and cylinder configuration used in these standards provide representative and accurate material properties
for these specialized structures. Damage tolerance design levels for hot/wet compression and compression
values after impact were established by utilizing 5-inch test bottles. The bottles were composed of a

composite lay-up and filled with inert propellant, both identical to those of the blue tube configuration.
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DESIGN LOADS DETERMINATION

The primary design loads were determined based on previous testing conditions defined for the

captive carriage of a CATM-9M with MDU-27A/A hardware on board the wing tip station of the
F/A-18A/B/C/D aircraft. In addition to these loads, an edge drop condition (which could result in localized
damage) was generated. These loading conditions were used in the detailed design and analysis tasks. An
existing National Aeronautics and Space Administration (NASA) Structural Analysis (NASTRAN) beam
model of the current blue tube was modified for the composite unit.

MANUFACTURING

The IMTTP effort focused on demonstrating a repeatable and consistent manufacturing method to
achieve the necessary structural integrity and safety margins to obtain flight clearance approval. As such,
the wet filament-winding process was chosen for the composite blue tube program, primarily because of
the wealth of experience available that pertained to the method and the materials. Design and fabrication of
the winding mandrels and support fixtures (e.g., pads and wing ribs) and the manufacture of the metal
components (i.e., hanger lug, lug pad, body joints, and wing ribs) were conducted at NAWCWD China
Lake. The 19 composite blue tubes were also fabricated and assembled at that site.

DETAILED DESIGN

The detailed design effort required various types of intricate structural models. The first phase
resulted in a composite lay-up that incorporated the material properties, loads, stiffness, and physical
dimensions defined earlier by the requirements. This lay-up afforded the wrap angles that achieved the
optimum through-the-wall tube thickness with the appropriate margins of safety. The product from the
second phase was the design of the body joints, lug pads, wing attachments, and localized cutouts for the
blue tube. The final stage entailed generating the drawing package and fabrication specification.

Body bending was the critical load factor for sizing the thickness of the cases. The Integrated

Composites Analyzer (ICAN), a computer analysis tool used to calculate the acceptable constituent
parameters for the composite structure, predicted unusually low compressive stress values. So,
representative 5-inch-diameter composite blue tubes were fabricated and tested for transverse compressive
properties per ASTM-D5449 (Reference 2). The results of this supplemental testing both confirmed and
correlated well with the lower compressive strength values predicted by ICAN.

The compressive strength values were also found to be highly dependent on the void content of
the structure. Through a series of iterative fabrication and testing trials, the investigators determined that a
void content value no greater than 3.0% would achieve the required strength and stiffness based on a
0.175-inch-thick composite wall.
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GROUND TESTING

The ground tests that follow represent the minimum effort required to obtain local flight clearance
for demonstration purposes. The confidence and assurance of the material composite response and
structural integrity were further demonstrated by the successful ground tests needed to proceed with flight
testing. As such, the requirements for a Fleet certification of a composite rocket motor have not been fully
satisfied.

BENDING TEST AT ROOM TEMPERATURE UNDER
DRY CONDITIONS WITHOUT IMPACT DAMAGE

The most severe load scenario for the C4Q blue is that experienced during the Mk 84 bomb

release, which imposes a 50-g peak acceleration on the wing tip station. As a consequence, a maximum
bending moment of approximately 70,000 in-lb results. In the first bending test, a full-scale article was
subjected to this load condition at room temperature, but without moisture conditioning or impact damage.
This effort was conducted to provide a baseline for comparison and to ensure that the design was
performing as predicted. Appendixes A and B provide the test plan and report, respectively.

BENDING TEST AFTER TUBE EXPOSED TO IMPACT
DAMAGE AND HOT/WET CONDITIONS

The elevated temperatures and absorbed moisture that may occur during Fleet use degrade the
material properties of the composite structure. Additionally, unseen impact damage can potentially
decrease the strength of the structure. Both of these aspects must be addressed to provide the requisite
confidence. To this end, sufficient impact was imparted to create visible damage on the two most critical
locations of the blue tube. Then, the specified article was soaked at 85% humidity until equilibrium was
reached, heated to the maximum design temperature (+215*F), and tested in bending while hot.
Appendixes C and D are the pertinent test plan and report, respectively.

FORWARD HANGER TEST

The forward hanger represents a critical load path for the C4 Q blue tube. As such, to verify the
integrity of the design, a full-scale article was tested to failure in which the forward hanger was subjected to
loading typical of that occurring at the wing tip stations. In that the load path of the forward hanger goes
through the metallic structure, this effort was performed at room temperature and under dry conditions.
Appendixes E and F provide the test plan and report, respectively.

MIDDLE HANGER TEST

The mid-body hanger is another area of technology demonstration. The applicable test involves a
metal pad wound into the composite tube during manufacture, with a hanger bolted onto this pad. The
resultant device represents a possible solution to the challenge of attaching hangers to composite rocket
motors in a cost-effective and structurally efficient manner. These pads are mechanically locked into
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position with composite plies and are then cured in place. As a consequence, this design approach does not
require a bond between the pad and metal. Because of the difficulty of non-destructively establishing the
integrity of the bond between the pad and the composite, a test was conducted to address both extremes on
a middle hanger manufactured normally and one chemically released from the composite. Appendixes G
and H document the test plan and report, respectively.

MODIFIED MIDDLE HANGER TEST

The performance of the original middle hanger design was marginal. However, the nature of the

ultimate failure suggested an easy improvement to the configuration. As a result, the middle hanger pad
was modified and re-tested, with satisfactory results. This effort also included both mechanically and

chemically released hangers. Appendixes I and J provide the test plan and report, respectively.

AFT HANGER TEST

The aft hanger also represents a primary load path. As such, to verify the integrity of the design, a
full-scale article was tested to failure in which the aft hanger was subjected to loading representative of that
occurring at the wing tip stations. [n that the load path of the aft hanger is through the metallic structure,
the effort was conducted at room temperature and under dry conditions. Appendixes K and L provide the
applicable test plan and report, respectively.

WING ATTACHMENT TEST

Although the aft tube fitting of the C4Q design is quite robust, the wing attachment tabs, unlike
those for the CATM-9M configuration, are not continuous. Also, the wing attachment is a primary
structural element. Therefore, testing the wing-to-missile-body attachment method was worthwhile. While
not a composite material issue, this effort was needed to ensure structural adequacy. Appendixes M and N
present the pertinent test plan and report, respectively.

FATIGUE TEST

The purpose of the fatigue test was to demonstrate that the C4Q blue tube could withstand repeated

loading. As such, the unit was mounted in a fixture and wiffle tree arrangement that simulated the bending
moment profile and hanger reaction loads on the missile. The spectrum of positive and negative
accelerations encountered at the F/A-18C/D wing tip station was applied to the missile for a total of
1500 effective flight hours (equivalent to five lifetimes). Prior to the final 300 effective flight hours,
impact damage was imposed upon the missile in the most critical locations. Appendixes 0 and P provide
the test plan and report, respectively.

STIFFNESS (MODAL) TEST

The first torsional and body bending mode frequencies were measured for the all-up round used in
the vibration test. The former was 81.9 Hz (the goal was >75 Hz, with no prediction made). The latter was
50.3 Hz (the goal was 50 Hz and the predicted result was 54 Hz). The results were not documented in an
official report.
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MASS PROPERTIES

Critical mass properties were measured on the vibration test article to confirm that the C4Q blue
tube was falling within the AIM-9M envelope. While no report was prepared, Table 1 provides the results,
all of which were within AIM-9M limits.

TABLE 1. Mass Properties. 1 Pitch Moment
Weight, Longitudinal of Inertia,

lb Center of Gravity lbonia,

AIM-9M range 183.6 to 194 60.8 to 62.1 210,600 to 223,200

C4Q blue tube results 190.7 61.6 219,737

VIBRATION TEST

The captive carriage vibration environment and its effect on composite rocket motors are areas for

which little prior history exists. As a consequence, the C4Q blue tube was subjected to 300 equivalent
flight hours of vibration. The profile, which was based on data collected in an AIM-9M environmental test
round, was driven primarily by the F/A-18C/D. Therefore, these conditions represent the environment that
the C4Q blue tube will experience. After being subjected to vibration, the blue tube was tested in the worst-
case bending moment (the Mk 84 bomb release) to verify its residual strength. Appendixes Q and R
provide the vibration test plan and report, respectively.

BENDING TEST AFTER VIBRATION

The vibration testing produced evidence of internal delamination or anomalies near the forward
hanger at approximately 0.060 inch beneath the surface. The indications, while small, were numerous. So,
a test of the residual strength of the composite tube was in order. The all-up-round vibration article was
modified into a bending test unit, which was loaded to failure. The purpose was to establish that the effects
of the vibration test and the resultant anomalies were not severe enough to negatively influence the
airworthiness of the C 4Q blue tube. Appendixes A and S provide the test plan and report, respectively.

BENDING TEST WITH IMPACT DAMAGE

Impact was imparted with sufficient energy to cause visible damage at the two most critical
locations of the blue tube. The results showed a positive margin after the inclusion of knockdowns for
hot/wet conditions. Appendixes A and T provide the test plan and report, respectively.

THERMAL SHOCK AND TEMPERATURE, ALTITUDE, AND HUMIDITY TESTS

Tests were conducted to replicate the thermal shock associated with high-temperature storage
conditions followed by high-altitude flight, as well as the temperature, altitude, and humidity cycles
experienced during aircraft operations. This effort involved using some remnants of the C4Q blue tube
previously used to support the first bending test (room temperature, dry conditions). The primary
specimen, a 5-inch-diameter by 6-inch-long section, was subjected to the aforementioned environments.
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To isolate the results of the proposed environments, a secondary specimen, a I-inch-long section cut from
the primary, underwent thermal shock testing only.

In the thermal shock profile, which was performed per Method 503.2 of MIL-STD-810, the

temperature ranged from -65°F to +165°F over a 1-minute time period, with the cycle repeated three times.

The temperature, altitude, and humidity testing was conducted in accordance with Method 520.1
of MIL-STD-810. Ten cycles were performed under the following conditions: temperature varied from
-55 to +75 0C, altitude ranged from 0 to 75,000 feet, and relative humidity varied from 0 to 75%.

Sections of the test specimens were mounted, polished, and photo-micrographed. The results
indicated no apparent adverse effects or damage. Appendix U documents this effort.

PRE-FLIGHT PROOF TEST

To ensure the quality of manufacturing and assembly, all five flight units were subjected to a one-
time proof load of 6014 lbf. The load was applied and distributed by utilizing the same wiffle tree fixture
constructed for the fatigue series. All five units successfully passed this test. Appendixes V and W
document the test plan and results, respectively.

BENDING TEST UNDER HOT/WET CONDITIONS
WITH KEVLAR OVERWRAP REMOVED

Prior to the bending test under hot/wet conditions with the Kevlar overwrap removed, blue tube
Serial Number 015 had been subjected to a total of 8.88 hours of captive carry on the F/A-18C/D on both
the pylon and wing tip stations. However, a post-flight visual inspection revealed "separations" between
the Kevlar fibers on the exterior overwrap. While an ultrasonic inspection had also been performed, no
indications of the aforementioned condition were observed because the separations were confined to the
outermost hoop-direction Kevlar fibers, which run parallel to the line of sight used in the inspection
technique. So, a test was conducted to demonstrate the structural adequacy of the blue tube with portions
of the Kevlar overwrap removed to simulate the worst-case environmental factors of hot/wet bending
combined with a maximum bending load on the missile body. The first stage entailed conditioning the blue
tube in an environment with 85% relative humidity at 130'F (54.4°C). The second phase involved heating
the blue tube to a temperature of 215°F (101.7QC). Next, the load was increased to the yield and then
allowed to return to zero. Finally, the load was increased to ultimate and the unit continued to undergo
exposure until failure occurred. The reader should note that the outer Kevlar layer is incorporated to help
protect the inner load-bearing graphite/epoxy structure from both impact and thermal environments. The
layer is not relied upon for structural integrity. Appendix X provides the test plan and results.

SUMMARY

The ground testing conducted in support of C4Q meets only the minimum effort needed to obtain a

local flight clearance for demonstration purposes. As a consequence, the blue tube does not satisfy all of
the requirements for a Fleet certification of a composite rocket motor. However, the ground testing did
demonstrate that the C4Q blue tube is capable of withstanding captive carriage loads and environments. In
fact, the outcome indicated that the composite structure was robust and could tolerate the conditions under
which it will operate during service. In addition, all margins of safety were positive. The lowest margin of
safety resulted from the maximum bending moment after introducing impact damage to the two most
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sensitive locations and testing at maximum service temperature after moisture conditioning. Based on
these results, the principal investigator recommended that the C4Q blue tube be cleared to the full limits of
the Naval Air Training and Operating Procedures Standardization (NATOPS) and Tactical Manuals
(TACMAN) of the F/A-18C/D to begin the accumulation of real flight hours.

Upon the essential ground testing being completed, the results were collected and documented.
Table 2 presents a summary of the results.

TABLE 2. Summary of Ground Test Results.

Test Margin of Comments
Safety

Bending (room temperature and dry +0.77 With increased loading factors as shown
conditions) [x (1.5 FS); x (1.25 hot/wet); x (1.25 impact)].

Bending (impact damage and hot/wet +0.08 Test at 85% humidity weight equilibrium and 215'F
conditions) [x (1.5 FS)].

Forward hanger +1.60 Failure in metal hanger lip [x (1.5 FS)].
With increased loading factors as shown

M h[x (1.5 FS); x (1.25 hot/wet); x (1.25 impact)].

Middle hanger (modified design) (with +0.16 Indication of small change from prior test
released pad) [x (1.5 FS); x (1.25 hot/wet); x (1.25 impact)].

Aft hanger +1.09 Failure in metal hanger lip [x ( 1.5 FS)].

Wing attachment fitting +0.55 Failure in AIM-9M wing [x (1.5 FS)].

150-flight-hour life recommended, 300 flight hours of
Fatigue test N/A life possible, 1500 EFH total test time.

Stiffness N/A 50.3 Hz measured/50 Hz goal.
Within middle of AIM-9M range for weight, center of
gravity, and pitch moment of inertia.

No failure to perform function. NDI indication ofVibration N/A2
small internal anomalies about 1/4 in-.
With increased loading factors as shown

P b[n (1.5 FS); x (1.25 hot/wet); x (1.25 impact)].

With increased loading factors as shown
Bending (impact damage) +0.45 [x(.ES;x125htw)][x (1.5 FS); x (1.25 hot/wet)].

Thermal shock N/A -650 F to +165°F (no resin degradation or micro-
cracking).
-55' to +750 C, 0-75% humidity,

Thermal cyclingNA
0- to 30,000-foot altitude.

Pre-flight proof test N/A Proof load of 6014 lbf.

Bending (hot/wet conditions and overwrap + Test at 85% humidity weight equilibrium and 215'F
removed) [x (1.5 FS)].

FS = factor of safety, EFH = effective flight hours.
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